Auxin is essential for almost every developmental process within plants. How a single small 20 molecule can lead to a plethora of downstream responses has puzzled researchers for 21 decades. It has been hypothesized that one source for such diversity is distinct promoter-22 binding and activation preferences for different members of the AUXIN RESPONSE FACTOR 23 (ARF) family of transcription factors. We systematically tested this hypothesis by engineering 24 varied promoter sequences in a heterologous yeast system and quantifying transcriptional 25 activation by ARFs from two species, Arabidopsis thaliana and Zea mays. By harnessing the 26 user-defined and scalable nature of our synthetic system, we elucidated promoter design rules 27 for optimal ARF function, discovered novel ARF-responsive promoters, and characterized the 28 impact of ARF dimerization on their activation potential. We found no evidence for specificity in 29 ARF-promoter interactions, suggesting that the diverse auxin responses observed in plants may 30 be driven by factors outside the core auxin response machinery. 31
Promoter architecture is a key determinant of specificity in the activation of downstream genetic 35 networks. Animal steroid hormone receptors are perhaps the best-understood model for how a 36 common ancestral transcription factor can diverge to produce multiple proteins with high 37 3 preferences among the ARFs, allowing them to activate different target genes. ARFs bind to the 64 auxin-responsive cis-element, or AuxRE. This sequence was first described in Pisum sativum 65 as the six-mer TGTCTC/GAGACA (Ballas et al., 1993) ; however, further work revealed that 66 there is some flexibility in the fifth and sixth base pairs. Though all activator ARFs can bind to 67 the canonical AuxRE sequence in vitro, promoter context may allow for specificity in ARF-68 promoter interactions in vivo. For instance, auxin response in several Glycine max promoters 69 requires an AuxRE but additionally require an upstream constitutive activation sequence, 70
suggesting that surrounding sequences can influence both auxin-inducibility and strength of 71 transcriptional response (Ulmasov et al., 1995) . 72 73 Several recent studies that focus on cross-clade comparisons, particularly between the Class A 74 ("activator") and Class B ("repressor") ARFs, support a model of ARF-specific binding 75 preferences. High-resolution crystal structures of ARF DNA-binding domains and in vitro binding 76 assays suggest that AtARF5 (Class A) and AtARF1 (Class B) homodimers exhibit different 77 stringency in the numbers of nucleotides between pairs of binding sites (Boer et al., 2014) on 78 which they can activate. Similar results are reported in DAP-seq data in maize and Arabidopsis, 79 which reveal distinct spacing and orientation preferences for Class A versus Class B ARFs 80 (O'Malley et al. 2016 , Galli et al., 2018 . While the DAP-seq studies have led to a wealth of 81 information on ARF binding, their analytical power is limited to the variation found within native 82 genomes. In addition, DAP-seq clusters a large number of DNA fragments according to 83 investigator hypotheses about functional features, leaving open the possibility that differences in 84 promoter structure are missed. Another complication in interpreting these data is that 85 transcription factor binding to DNA and activation at a given locus are often decoupled (Para et 86 al., 2014) . 87 88 To complement these ARF binding studies, we tested the activation profile of Class A ARFs 89 from Arabidopsis and maize on synthetic, user-defined promoter sequences using a 90 heterologous yeast activation system (Pierre-Jerome et al., 2014) . This approach allowed us to 91 test the hypothesis that the observed differences in transcriptional profiles induced by different 92
ARFs might reflect differences in ARF activity on distinct promoters. We conducted our assays 93 in a pairwise fashion, looking at each ARF-promoter interaction individually, on standardized 94 promoter variants to directly test how of promoter architecture affects activity. The synthetic 95 system also allows us to survey a sequence space unreachable by in planta studies that are 96 limited to native promoters. We queried the activity of two subclades of Class A ARFs, the 97 AtARF5 clade (ZmARF4 and ZmARF29) and the AtARF19 clade (ZmARF27). We found that 98
Class A clade ARFs across species largely shared promoter preferences, and additionally found 99 that AtARF19 was the only ARF tested to be able to activate transcription on promoters with a 100 single AuxRE. Promoter preferences were shared across subclades of ARFs as well as 101 conserved between Arabidopsis and maize. 102
103

Results
105 106
Class A ARFs prefer similar promoter architectures in terms of cis-element number and 107 orientation 108
A long-standing question in the field of auxin biology is how different members of the ARF gene 109 family regulate different genes. Several studies have shown that ARFs bind to and activate on 110 different promoter sequences to varying degrees (Boer et al., 2014; Pierre-Jerome et al., 2016), 111 giving rise to the hypothesis that ARF-promoter interactions may lead to specificity in 112 downstream response. We used flow cytometry on engineered yeast to test how Class A ARFs 113 from two clades, the AtARF5 and AtARF19 clades, activate on synthetic promoter variants 114 ( Figure 1A ). All sequence variants were embedded within the same genomic context: the first 115 5 300-base pairs of the Arabidopsis thaliana IAA19 promoter with all five putative auxin 116 responsive elements (AuxREs) mutated (mpIAA19). None of the ARFs tested can activate 117 transcription to any appreciable extent on the mpIAA19 promoter (Supplemental Figure S1 ). 118
Variants were specifically embedded at the A1 position, an AuxRE 166 base pairs from the 119 transcriptional start site (TSS) (Pierre-Jerome et al., 2016) . This region relative to the TSS has 120 been shown to be enriched for AuxREs within the Arabidopsis genome (Lieberman-Lazarovich 121 et al., 2019) . 122
123
We first tested how the copy number of AuxREs within a promoter affects activation by AtARF5 124 and AtARF19. We generated three copy number variants, with two to four copies of the 125 canonical forward-facing AuxRE TGTCTC. A five base pair spacer CCTTT separated these 126 AuxREs, which is the spacer sequence in the commonly used auxin-responsive DR5 reporter 127 (Ulmasov et al., 1997b) . We found that the activation strength of both AtARF5 and AtARF19 128 was directly proportional to AuxRE copy number, with the highest activation by both ARFs on 129 the promoter with four AuxREs ( Figure 1B ). It is worth noting that AtARF5 activation was 130 significantly lower than that of AtARF19, making it difficult to assess whether it was able to 131 activate at all on promoters with less than four AuxREs, and that background activity also 132 increases with increased AuxRE copy number. 133
134
We next tested how the orientation of AuxREs relative to each other and to the TSS affects 135 activation. For this we generated two sets of two promoter variants (four total) all containing two 136 AuxREs. In the first set, we tested whether ARFs activated more strongly on two AuxREs facing 137 towards each other, separated by seven base pairs, or two AuxREs facing away from each 138 other, separated by the same seven base pair sequence. We used the canonical AuxRE 139 sequence TGTCTC and the spacer sequence from the ER7 auxin reporter, CCAAAGG. We 140 found that all the tested ARFs activated more strongly on two AuxREs facing towards each 141 other rather than away from each other ( Figures 1C and 1D ), and neither AtARF5 nor the tested 142 6 ZmARFs showed appreciable activation when the two AuxREs were facing away from each 143 other compared to the background yeast activation. 144 145 We also examined AtARF5 and AtARF19 activation on two promoters with two AuxREs facing 146 either towards the TSS or away from the TSS. In these promoter variants the AuxREs were 147 spaced by five nucleotides, and the spacer sequence was the one used previously in DR5 148
reporters. We found that AtARF19 activated slightly more strongly when AuxREs face towards 149 the TSS as opposed to away from the TSS ( Figure 1E ). AtARF5 did not activate on two AuxREs 150 facing either towards or away from the TSS when compared to background yeast activation, 151
indicating that AtARF5 is a weaker activator than AtARF19. None of the ZmARFs strongly 152 activate on two AuxREs facing away from the TSS, while ZmARF27 and ZmARF29 activate to 153 some degree on two AuxREs facing towards the TSS ( Figure 1F ). Interestingly, this is the only 154 orientation on which ZmARF29 appreciably activated. Of note, background activation increases 155 on two AuxREs facing towards the TSS, but comparison to a control strain of yeast expressing 156 no ARFs allows the determination of ARF-dependent activation. All of the ARFs we tested 157 activated most strongly on two AuxREs facing towards each other, and activated weakly or not 158 at all on two AuxREs in any other orientation. This is the orientation for the solved structures of 159 the AtARF5 and the Class B AtARF1 DNA-binding domains (Boer et al., 2014) . 160
161
AtARF5 more strongly activates on the AuxRE TGTCGG than the canonical cis-element 162
TGTCTC 163
While the canonical AuxRE is widely considered to be the TGTCTC and its reverse complement 164 GAGACA, the "core" element is TGTC/GACA and auxin responsiveness has been seen on a 165 wide variety of cis-elements with varying base pairs in the fifth and sixth positions. AtARF1 and 166
AtARF5 in fact bind most strongly to the AuxRE TGTCGG and its reverse on two AuxREs facing 167 towards each other (Boer et al., 2014) . Additionally, DR5 reporters using different AuxRE 168 sequences showed variable activation in a transient expression assay (Lieberman-Lazarovich et 169 al., 2019) . We tested how AuxRE sequence impacts activation by AtARF5 and AtARF19 on two 170
AuxREs facing towards each other by comparing activation on the AuxREs TGTCTC/GAGACA 171 and on the AuxREs TGTCGG/CCGACA. We found that all tested ARFs activate more strongly 172 on the TGTCGG/CCGACA AuxREs (Figures 2A and 2B) . The difference in AtARF5 activation 173 on the canonical AuxRE sequence and the novel sequence, nearly a nine-fold increase, was 174 striking. In combination with previous protein binding microarray data (Boer et al., 2014) , this 175 may suggest AtARF5 has a strong preference for activation on TGTCGG/CCGACA, at least 176 with this promoter orientation and spacer. Similarly, while the maize ARF5-like protein ZmARF4 177 does not activate well on TGTCTC/GAGACA, it does show transcriptional activity on the 178 TGTCGG/CCGACA AuxREs at levels similar to ZmARF27. These results again do not show 179 divergent promoter preferences among ARFs-while the relative degree of preference may 180 differ between ARFs, they all activate more strongly on the same promoter variant. 181 182
AtARF19 can activate on a single AuxRE in yeast 183
Our results suggested that the AuxRE sequence TGTCGG and its reverse complement may be 184 more optimal than the canonical AuxRE for ARF activation on the promoter. While common 185 synthetic auxin responsive reporters have high copy numbers of AuxREs within a short 186 sequence, in native auxin responsive promoters it is rare for two AuxREs to occur close 187 together (Grigolon et al., 2018) . To test whether ARFs can activate on a single AuxRE we 188 placed the single AuxRE TGTCGG into the A1 site of the mutated pIAA19 promoter. Previous 189 work from our lab showed that Arabidopsis ARFs cannot activate on a single AuxRE sequence 190 that is natively in this position in the IAA19 promoter (TGTCGA) (Pierre-Jerome, 2016). To our 191 surprise, we found that only AtARF19 was able to activate on this single AuxRE (TGTCGG) 192 (Figures 2C and 2D) . In fact AtARF19 activated almost as strongly on this promoter as it did 193 when there were two TGTCGG AuxREs. and compared these to the activity of a DNA-binding mutant AtARF19 H138A ( Figure 3A, B) . 205
The dimerization mutations caused a loss of activation on the single AuxRE (TGTCGG) 206 promoter to nearly the same extent as the DNA-binding mutation ( Figure 3C ), suggesting that 207 dimerization is necessary for ARF activation on the promoter despite the presence of only a 208 single optimal binding site. Interestingly, when we tested the activity of these dimerization 209 mutants on the two TGTCGG AuxREs facing towards each other, they caused a loss of 210 activation but not to the same extent as on the single AuxRE, suggesting that multiple AuxRE 211 sites may compensate for a loss of dimerization of the ARFs themselves. As ARFs were 212 crystallized as a dimer pair with each monomer bound to a separate AuxRE (Boer et al., 2014) , 213
how an ARF dimer contacts the DNA when there is a single AuxRE present is unknown. It is 214 possible that only a single ARF-AuxRE interaction is required to bring the dimer to the DNA, and 215 the other ARF forms transient interactions with multiple DNA sequences, which may serve as 216 cryptic, low-affinity binding sites. Or the proximity of ARFs within a dimer pair may allow one to 217 bind a single AuxRE promoter as soon as the other falls off, increasing the on rate of ARF 218 binding to the promoter. 219 220 9 AtARF19 has a unique residue in the dimerization domain required for activity on a single 221
AuxRE 222
Alignments among Arabidopsis and maize ARFs ( Figure 3A) showed a difference in sequence 223 within the DD of AtARF19 when compared to its maize homologues ZmARF27 and ZmARF35 224 ( Figure 3B ). We hypothesized that this single residue difference, so close to the monomer-to-225 monomer contact residues within the DD, could explain AtARF19's unique ability to activate 226 transcription on promoters with only a single AuxRE. To test this, we generated a mutated form 227 of AtARF19 that replaced the asparagine residue with an alanine, the same amino acid found in 228 ZmARF27 (N256A). This single residue change abolished AtARF19 activity on a single AuxRE, 229 while leaving its activity on a two-AuxRE promoter essentially unchanged ( Figure 3D ). The 230 polarity of the asparagine may help stabilize the dimeric form of AtARF19, leading to higher 231 transcriptional activation overall and greatly increasing the number of potential promoters it can 232 act on. While N256 is necessary for AtARF19's ability to activate on promoter with a single 233 AuxRE, it is not sufficient. AtARF7, which shares the same asparagine residue in its DD, cannot 234 activate on a single AuxRE (Supplemental Figure S2) . This difference, in combination with the 235 critical role of the PB1 domain in ARF transcriptional activation ( Figure 3C ), implicates the still 236 poorly understood inter-domain interactions in determining overall protein function. 237
238
Discussion 239 240 It has been widely speculated that specificity within ARF-promoter interactions is responsible for 241 the observed diversity in transcriptional and developmental responses triggered by auxin. Our 242 results suggest that this model is unlikely to be true, at least among Class A ARFs. All the ARFs 243 tested showed similar promoter preferences, and all required dimerization for full activity. We 244 were able to elucidate a set of promoter design rules for maximizing response across the A 245 clade, and found that these design rules were conserved across Arabidopsis and maize. Simply 246 stated, these rules are as follows: (1) ARFs most strongly activate on promoters with at least 247 four AuxREs arranged facing towards one another ( Figure 1); (2) the non-canonical TGTCGG 248 sequence can further boost expression, especially by ARFs in the AtARF5 clade ( Figure 2 ). This 249 second rule has relevance for the design and interpretation of auxin reporters. For example, 250
DR5v2, which uses TGTCGG (Liao et al., 2015) , may over-report responses driven by AtARF5 251 and its homologues relative to other Class A ARFs. Our study also highlights the complexity of 252 inter-domain interactions within the ARFs, as dimerization at both N-and C-terminal 253 dimerization domains was found to be critical for maximal transcriptional activation. 254
255
The differences between the architecture of auxin reporters and native auxin responsive 256 promoters are striking. The rules derived from the systematic analysis presented here are 257 generally consistent with the construction of auxin reporters, where there is a trend towards high 258 copy numbers of canonical AuxREs in a short sequence space (Ulmasov et al., 1997a; Ulmasov 259 et al., 1997b) . Closely spaced AuxREs are found only rarely in the Arabidopsis genome 260 (Grigolon et al., 2018) , and frequently are neither the ideal sequence nor in the ideal orientation 261 relative to the TSS. One possible explanation for the rarity of "ideal" auxin promoters is that it 262 allows for integration of signals from multiple pathways, a hypothesis supported by the 263 enrichment for transcription factor binding sites for other proteins in auxin-responsive promoters. 264
265
Our results showed that heterodimerization between ARFs is essential for ARF function, but 266 importantly heterodimerization between ARFs and other transcription factors could support ARF 267 activity on non-ideal native promoters and potentially act as a locus for specificity within auxin 268 response. Bioinformatics analyses of auxin-induced genes show that many promoters of these 269 genes are enriched for the binding sites of transcription factors such as bZIPs and bHLHs 270 (Berendzen et al., 2012; Cherenkov et al., 2018; Mironova et al., 2014) . Genetic studies show 271 that heterodimerization between specific ARFs and members of other transcription factor 272 families is required for the development of many plant organs, including lateral roots (MYBs; As we continue to elucidate the rules of ARF-activated transcription, synthetic tools should 283 make it possible to examine each of these aspects in turn. Future efforts that combine synthetic 284 and native approaches will ultimately be needed to pinpoint the combination of factors that 285 make up the "auxin code", as well as to make it possible to retrace the evolutionary path that 286 connected novel auxin response modules to diversity in plant form and function. 287 
Flow cytometry assays of ARF activity 312
A freshly grown colony of each yeast strain was inoculated in 1 mL of SC media and grown at 313 30°C with shaking at 400 rpm in 2,000 μL Eppendorf Deepwell Plates 96. After 16 hours of 314 growth, cultures were diluted 1:150 into 1 mL fresh SC media. Fluorescence measurements 315 were taken after 4 to 5 hours of additional growth. The data for at least three independently 316 grown replicates were pooled for each strain. Fluorescence measurements were taken with a 317 custom BD Accuri SORP flow cytometer with a CSampler 96-well plate adapter using an 318 excitation wavelength of 514 nm and an emission detection filter at 545/35 nm. A minimum of 319 10,000 events above a 40,000 FSC-H threshold was measured for each sample. Experiments 320 were done in triplicate for each strain. Data were exported as FCS 3.0 files and processed in R 321 using the flowCore, plyr, and ggplot2 software packages. Figure 1 Arabidopsis and maize ARFs share promoter preferences. A) Schematic of yeast engineered to constitutively express ARF proteins and promoter variants. All promoter variants were inserted into the A1 site of a pIAA19 promoter with mutated AuxREs. The transcription start site (TSS) is to the right and arrowheads indicate the orientation of the AuxRE, starting with 5'-TGTC-3'. Fluorescence was measured by flow cytometry with the results depicted as median values and 95% confidence intervals. B) AtARF19 and AtARF5 show strong activation on promoters with four AuxREs (five base pair spacer). C) AtARF19 and AtARF5 show stronger activity on promoters with two AuxREs facing towards each other rather than away from each other (seven base pair spacer). D) ZmARF4, ZmARF27, and ZmARF29 show stronger activity on promoters with two AuxREs facing towards each other rather than away from each other (seven base pair spacer). E) AtARF19 and AtARF5 show stronger activity on promoters where the two AuxREs face towards rather than away from the TSS (five base pair spacer). F) ZmARF4, ZmARF27, and ZmARF29 show stronger activity on promoters where the two AuxREs face towards rather than away from the TSS (five base pair spacer). Figure 3 AtARF19 requires dimerization to activate even on a single AuxRE. A) Alignment of the DNA-binding and dimerization domains of AtARF19 and ZmARF27 with relevant mutations highlighted. B) Structure of AtARF5 DNA-binding domain with mutated residues highlighted. C) AtARF19 must dimerize for full activity, even for a promoter with a single AuxRE. The KO mutation disrupts dimerization in the PB1 domain. The A250N and G247I mutations disrupt dimerization at the DD domain, adjacent to the DNA-binding domain. The H138A mutation disrupts the DNA binding domain itself. D) An N256A mutation in AtARF19 causes a total loss of activity on a promoter with one AuxRE (5'-TGTCGG-3'), while leaving activity on two AuxREs largely intact.
